INTRODUCTION

T
he phylum Chlamydiae is composed of obligate intracellular pathogens grouped into the single class Chlamydiae and the order Chlamydiales. Members of the Chlamydiales are classified into one of the following eight families: Parachlamydiaceae, Criblamydiaceae, Waddliaceae, Simkaniaceae, Rhabdochlamydiaceae, Clavichlamydiaceae, Piscichlamydiaceae, and Chlamydiaceae (1) . With the exception of the Chlamydiaceae, most members of this order infect various hosts in the environment and are collectively referred to as "environmental" Chlamydiae. In contrast, the members of Chlamydiaceae, which contains the single genus Chlamydia, are considered pathogenic and contribute to disease burdens in humans and animal species of commercial importance. The genus Chlamydia comprises nine species: Chlamydia trachomatis, C. muridarum, C. pneumoniae, C. pecorum, C. suis, C. abortus, C. felis, C. caviae, and C. psittaci (2, 3) . Undoubtedly, the best-characterized species in this genus is C. trachomatis, which infects humans and is a major cause of ocular and urogenital diseases. This species is classified into serovars (serological variants) and two human biovars (trachoma and lymphogranuloma venereum [ LGV]), dictated by the nature of the diseases that they cause. Based on high-resolution genome-wide single-nucleotide polymorphism (SNP) analysis, the population structure of the trachoma biovar is further subdivided into two lineages (4): lineage 1 comprises clinically prevalent urogenital serovars (D, E, and F), whereas lineage 2 includes uncommon urogenital serovars (G, Ia, J, and K). These serovars are the primary cause of sexually transmitted diseases, such as cervicitis and urethritis, which can further progress into pelvic inflammatory disease in women and epididymitis in men (5) . The ocular serotypes (A, B, and C) cause trachoma, a chronic inflammatory disease resulting in infectious blindness (6) , and cluster into a lineage that likely evolved from a urogenital ancestor (4) . The LGV biovar contains invasive serovars L1 to L3, including the epidemic L2b strain, which can disseminate to regional lymph nodes and cause invasive disease, including ulcer formation, inguinal lymphadenopathy, and hemorrhagic proctitis (7) .
Given the impact of C. trachomatis on human health, most of the work discussed below focuses on this species. There is great interest in understanding the molecular mechanisms underlying its pathogenesis for the improvement of vaccine development. A critical step in this direction is the identification of chlamydial factors that contribute to virulence. Several experimental approaches have been employed to identify these factors, such as ectopic expression in heterologous hosts and cell lines, gene expression analysis, proteomic analysis, and comparative genomics; however, approaches that utilize genetic strategies, particularly those that satisfy Koch's molecular postulates (8) , have been unavailable for all Chlamydiae. This lack of genetic tools remains frustrating, especially because some Chlamydia species have been propagated in vitro since the 1950s (9) .
However, in the last decade, significant inroads have been made toward developing systems for genetic analysis of this recalcitrant obligate intracellular pathogen. A landmark event was the sequencing of the first Chlamydiae genome (10) , which revealed that C. trachomatis is capable of inserting exogenous DNA into its genome because it encodes an intact DNA recombination machinery. Subsequent studies demonstrated that lateral gene transfer (LGT) events in Chlamydia are frequent and robust and occur both in nature and in the laboratory (4, (11) (12) (13) . Transformation of exogenous DNA into Chlamydia has been achieved via several methods, including electroporation, dendrimer-based delivery, and a calcium chloride-based treatment (14) (15) (16) (17) (18) (19) . Successful and stable transformation of C. trachomatis LGV L2 with an Escherichia coli-C. trachomatis L2 shuttle plasmid conferring ␤-lactam resistance led to the development of expression vectors for expressing Chlamydia open reading frames (ORFs), fluorescent proteins (green fluorescent protein [GFP] , cyan fluorescent protein [CFP] , mCherry, and mKate2), and reporter proteins (␤-galactosidase, adenylate cyclase, and glycogen synthase kinase [GSK]-tagged proteins) (19) (20) (21) (22) (23) (24) (25) (26) . A conditional expression vector was also developed using a tetracycline-inducible system as well as vectors conferring chloramphenicol and blasticidin resistance (21, (26) (27) (28) (29) . In contrast, the development of genome engineering methods has lagged behind. Consequently, the use of chemical mutagenesis coupled with whole-genome sequencing and mismatch-specific endonucleases for mapping mutant alleles led to the emergence of experimental platforms to perform forward and reverse genetic screens in Chlamydiae (30) (31) (32) . More recently, targeted mutagenesis was achieved using a group II intron-based gene knockout system (TargeTron) (33) . These advances, although recent, promise to revolutionize our understanding of the molecular basis of Chlamydia pathogenesis. In this review, we discuss the challenges associated with developing genetic techniques for Chlamydia that follow Koch's molecular postulates, and we review the efforts that led to the development of the molecular tools currently available for genetic analyses in Chlamydia.
CHALLENGES IN THE GENETIC MANIPULATION OF CHLAMYDIA
The Chlamydia Life Cycle
One major hurdle for delivering exogenous DNA into Chlamydia is likely its unique life cycle. Chlamydia species alternate between two morphologically distinct forms: a spore-like form called the elementary body (EB) and a vegetative form termed the reticulate body (RB). EBs are small (ϳ0.2 m) and are characterized by the presence of a dense nucleoid structure that consists of DNA tightly packed by bacterial histone-like proteins (34) (35) (36) (37) (38) (39) (40) (41) . EBs are infectious, and their rigid cell walls aid in their dissemination throughout the extracellular environment. In contrast, RBs are larger (ϳ1 m), their chromosomal DNA is uncondensed, and they are osmotically fragile. The infectious cycle begins when EBs adhere to host epithelial cells and induce their internalization to form a membrane-bound vacuole called the inclusion. Upon internalization and throughout the life cycle, Chlamydia remodels the inclusion membrane to escape host lysosomal fusion and to establish a replicative niche. Within the confines of the inclusion, EBs transition into RBs at 6 to 8 h postinfection. Newly differentiated RBs divide by binary fission and populate the inclusion; between 12 and 30 h postinfection, depending on the Chlamydia species, RBs differentiate back into EBs in an asynchronous manner (42) . At 46 to 72 h postinfection, EBs are released from the inclusion by promoting host cell and inclusion lysis or by extrusion of the inclusion from its host cell (43) .
The various features of the Chlamydia developmental forms pose formidable challenges to the delivery of exogenous DNA. For instance, the EB cell wall is an array of tightly cross-linked proteins that provides rigidity to EB cell walls and protects them from osmotic and shear stress during dissemination (44) . A rigid cell wall might render EBs refractory to the uptake of large macromolecules, thereby limiting the acquisition of foreign DNA during extracellular sojourns. Indeed, this barrier might explain the relatively low frequencies of insertion elements, phage remnants, and pathogenicity islands or the lack of genes coding for restriction enzymes in the genomes of chlamydial species. Nonetheless, DNA has successfully been introduced into Chlamydia following the electroporation and chemical transformation of EBs (14, 18, 19) , although such transformation events require large amounts of DNA (5 to 10 g) and occur at a very low frequency.
RB cell walls lack the latticework of cross-linked proteins found in EB cell walls (45, 46) and have low and constricted levels of peptidoglycan (47) , potentially facilitating DNA uptake. RBs also undergo cell division and express DNA repair enzymes that mediate the chromosomal integration of DNA by homologous recombination during division, and thus RBs are likely to be naturally competent for transformation. However, targeting RBs for transformation within infected cells requires exogenous DNA to traverse through four lipid bilayers (the host plasma membrane, the inclusion membrane, and the RB outer and inner membranes) before encountering the RB chromosome. RBs can be isolated and potentially transformed in axenic media (48) . However, because RBs are noninfectious, their utility in pathogenesis studies is limited unless methods are developed to permit their transition to EBs.
Selection with Antibiotics
Another impediment in establishing robust systems for genetic manipulation in Chlamydia is the lack of selectable markers available to identify transformed bacterial cells. Restrictions on the use of antibiotics due to their clinical use for the treatment of infected patients limit available antibiotic resistance markers. According to the 2010 sexually transmitted disease (STD) treatment guidelines established by the U.S. Centers for Disease Control and Prevention (49), tetracycline, azithromycin, doxycycline, erythromycin, levofloxacin, ofloxacin, and amoxicillin are to be used exclusively for clinical treatment regimens and are prohibited, without special dispensation and approval, from use in generating recombinant strains. Furthermore, the introduction of ␤-lactamases into urogenital serovars is also restricted due to the use of ␤-lactams for the treatment of infected women who are pregnant (49) .
Because Chlamydia resides in an inclusion within the host, antibiotics must penetrate at least two lipid bilayers (four if the target resides within the bacterium), making some antibiotics (i.e., kanamycin, gentamicin, and streptomycin) unsuitable. Furthermore, the higher MICs required for the delivery of these antibiotics into the inclusion can lead to toxicity in the host cell, which imposes further limits on the use of antibiotics for selection. Several antibiotics have been used successfully in genetic selections, including chloramphenicol, kasugamycin, nalidixic acid, rifampin, spectinomycin, trimethoprim, tetracycline (only for naturally resistant veterinary strains), ␤-lactams (only for LGV serovars), and blasticidin S (12, 14, 18, 19, 27, 31, (50) (51) (52) (53) . However, the use of mutant versions of chlamydial factors, such as 16S rRNA, RpoB, and GyrA, that render them resistant to antibiotics as selectable markers is limited because the gene mutations that confer resistance to these antibiotics are often recessive. Exogenous drug resistance cassettes conferring chloramphenicol (cat), ␤-lactam (bla), and blasticidin (Shble) resistance are currently used as markers to select transformed Chlamydia (18, 19, 27, 28) . However, the bla cassette cannot be used in urogenital strains; chloramphenicol can cause mitochondrial stress (54) , limiting its use during continuous passaging; and blasticidin S exhibits antibiotic activity toward both prokaryotic and eukaryotic cells and thus can be toxic to host cells. In addition, not all Chlamydiae species are susceptible to these antibiotics, such as Parachlamydia acanthamoeba, which is naturally resistant to ␤-lactams (55) .
Clonal Isolation of DNA Transformants
After incubation with recombinant DNA, transformants can be enriched in the presence of antibiotics; however, it is imperative to eventually isolate clonal populations to minimize the potential carryover of untransformed bacteria that are protected by bystander effects. In contrast to many free-living bacteria, for which clonal populations can be isolated on an agar plate, plaque formation on a monolayer of cells is often employed for Chlamydia. This plaque method consists of laying a culture medium containing agarose over a monolayer of cells infected with bacteria. The overlay restricts the dispersal of bacterial to only neighboring cells. Chlamydia exits its host by promoting host cell lysis, and after several rounds of infection, a zone of clearance becomes visible to the naked eye. The bacteria present within the plaque can be picked from the agarose overlay and further expanded. Although this method is amenable for the clonal isolation of several Chlamydia species (56, 57) , most clinical isolates form plaques poorly, which limits the recovery of clonal populations (58) . Isolating clonal populations by plaque assay has not been reported for environmental Chlamydiae strains that can only be propagated in amoebal hosts. In these situations, alternative approaches, such as limiting dilution, flow cytometry (59, 60) , laser microdissection, or use of micromanipulators, have been employed to isolate bacterial cells directly from infected cells in a monolayer, as reported for Chlamydia and other intracellular pathogens (61, 62) .
Chlamydia Shuttle Plasmids
The transformation of chlamydial strains by use of shuttle plasmids is complicated by the presence of native plasmids in some Chlamydia species. The C. trachomatis plasmid is a highly conserved 7.5-kb plasmid that is nonconjugative, nonintegrative, and maintained at up to 8 copies per cell (63, 64) . The plasmid carries eight ORFs and is required for the production of glycogen within the inclusion (57, 65) . In C. trachomatis, C. muridarum, and C. caviae, a plasmid is required for the expression of several virulence-associated chromosomal genes (23, (66) (67) (68) . Plasmid loss is associated with reduced activation of Toll-like receptor 2 (TLR2)-dependent inflammatory responses, and plasmid-deficient C. trachomatis and C. muridarum strains have been used as live attenuated vaccine strains against genital and ocular infections (69) (70) (71) .
Because plasmids containing the same origin of replication are generally incompatible and rarely coexist together in a cell, the maintenance of a native plasmid limits the introduction of an exogenous recombinant plasmid (72) . Competition for plasmid replication factors leads to competition between transformed recombinant plasmids and native plasmids, and native plasmids presumably replicate more efficiently due to their smaller size. Plasmid incompatibility therefore decreases the transformation efficiencies of exogenous plasmids, though this can potentially be circumvented by using plasmid-free recipient strains (65, (73) (74) (75) . Plasmid-deficient strains have been isolated following treatment with novobiocin (65) or other curing agents, such as ethidium bromide or acridine orange, although these agents can be mutagenic and occasionally foment an increase in plasmid copy number (64) .
DNA EXCHANGE IN CHLAMYDIA
Evidence from Chlamydia Genomic Signatures
Despite the barriers to Chlamydia transformation by recombinant DNA, there is ample evidence indicating that Chlamydia can import and integrate exogenous DNA into its genome. Homologous DNA recombination is required to repair double-stranded DNA (dsDNA) breaks, which can lead to stalled replication forks (reviewed in reference 76). In E. coli, initiation of DNA recombination involves the recognition and processing of dsDNA breaks into linear single-stranded DNA by RecBCD protein complexes (77) , and homologs of all three proteins are carried by Chlamydia. Following the recognition and processing of dsDNA breaks, single-stranded DNA pairs with homologous DNA in a process mediated by a multimeric complex containing RecA, single-stranded DNA binding protein (SSB), RecF, RecO, and RecR (77), all of which are encoded by chlamydial genomes (10, (78) (79) (80) (81) (82) . Holliday junction formation and branch migration mediated by the RuvAB complex follow, with subsequent resolution of junctions by the endonuclease RuvC (77) . Branch migration and junction resolution can also be performed by RecG (77) . The ruvA, ruvB, ruvC, and recG genes are carried in Chlamydia genomes, indicating that Holliday junction formation, branch migration, and resolution might occur in a manner similar to that in E. coli.
HGT Events in Chlamydia
Because a number of C. trachomatis genes seem to have been acquired from eukaryotes via horizontal gene transfer (HGT) events, ancestral chlamydial species must have been capable of acquiring foreign DNA (10) . Some examples are the C. trachomatis genes encoding SET (nuE) and SWIB domain-containing proteins, as well as the Swi/Snf2 family of helicases (CT555 and CT708), all of which are otherwise exclusively found in eukaryotes (10, 83) . Moreover, phylogenetic analyses have revealed that several C. trachomatis protein-encoding sequences are most closely related to genes carried by chloroplasts in photosynthetic cyanobacteria (84) . Genome sequencing and phylogenetic reconstructions suggest that progenitor Chlamydiae organisms contributed genetic material to other species, as observed in the genomes of microsporidians (85) and in more than 60 archaeplastidal genes in photosynthetic eukaryotes (1, (86) (87) (88) (89) (90) (91) . The latter ancestral exchange is hypothesized to have contributed to the evolution of algae and plants (90) .
The genomes of most sequenced Chlamydiae organisms are devoid of phages, transposons, and genes encoding DNA restriction and modification systems, suggesting that in contrast to ancestral species, extant Chlamydiae rarely engage in horizontal gene transfer events. An example of this trend is the C. trachomatis type III secretion system (T3SS). Rather than the components of the machinery being encoded in pathogenicity islands or plasmids acquired by HGT events, as commonly observed in other bacteria, C. trachomatis T3SS components are encoded by 10 distinct operons dispersed throughout the genome (92) . Another example is the average G/C ratio of open reading frames, which varies among microbial genomes; regions exhibiting high or low G/C ratios are thought to reflect HGT events from organisms with different G/C ratios. Among Chlamydia strains that are pathogenic to humans, the variability in G/C ratios among open reading frames is notably low and, in fact, is among the lowest observed among microbial genome sequences (84) . In contrast, high variability is observed in the genomes of Neisseria species, which undergo frequent horizontal gene transfer events (84) .
In contrast to human-adapted Chlamydia species, other Chlamydia species have been exposed to HGT events, as indicated by the discovery of bacteriophages in several Chlamydia species that are zoonotic pathogens. The first bacteriophage discovered, chlamydiaphage 1 (Chp1), was initially observed by electron microscopy in thin sections of C. psittaci EBs (93) . Other chlamydiaphages include CPG1 from C. caviae (94, 95) , Chp2 and Chp4 from C. abortus (96) (97) (98) , CPAR39 from C. pneumoniae (79) , and Chp3 from C. pecorum (99) . Chlamydiaphages are icosahedral single-stranded DNA (ssDNA) phages belonging to a subfamily of Microviridae termed Gokushovirinae (100). Chlamydiaphages are lytic to their hosts and might affect the infectivity and virulence of C. caviae (101) and delay RB replication and EB transitioning in C. abortus (102) . The discovery of chlamydiaphages is exciting, and future investigation into the prevalence of chlamydiaphages among human chlamydial pathogens, their influence on disease outcomes, and their potential application to molecular genetic manipulation warrants further investigation. Mobile insertion elements have also contributed to HGT events in Chlamydia, such as in tetracycline-resistant chlamydial pathogens of swine (C. suis) that harbor mobile insertion elements encoding tetracycline efflux pumps (103) (104) (105) (106) .
These observations indicate that Chlamydiae organisms are capable of acquiring nonchlamydial DNA, although this appears to be rare and restricted to a few species. This apparent lack of horizontal gene transfer events is likely the result of ecological isolation from other microbial species due to the obligate intracellular lifestyle of Chlamydia.
Evidence of LGT Events among Chlamydia Clinical Isolates
Although Chlamydiae might undergo limited horizontal acquisition of foreign DNA, there is strong evidence of active gene transfer events between closely related chlamydial serovars and species (lateral gene transfer [LGT] ). Preliminary evidence of LGT in Chlamydia was observed based on phylogenetic studies of the genetic structure and diversity of C. trachomatis strains between infected humans. Initial classifications were made by serotyping clinical isolates with panels of monoclonal antibodies raised against the highly immunoreactive C. trachomatis major outer membrane protein (MOMP). This membrane protein, encoded by ompA, consists of four highly polymorphic domains called variable domains (VD1 to VD4). Antibody responses are directed primarily against the variable domains of MOMP, and each protein variant has been used to subclassify C. trachomatis serological variants into serovars. Interestingly, MOMP serotyping uncovered a surprisingly large number of clinical isolates that failed to react to MOMP antibodies (107) (108) (109) (110) . Detailed sequence analysis of ompA alleles in these variants revealed the presence of ompA mosaic alleles, many of which are hybrids composed of ompA sequences from different serovars. Hybrid ompA alleles likely originated from recombination events between variable domains of ompA alleles from different chlamydial urogenital and trachoma serovars (110) (111) (112) (113) (114) (115) . The emergence of MOMP variants is thought to be driven by selective pressures leading to antigenic variation, because MOMP is the most abundant surface protein in EBs and RBs and is therefore a prominent target of immune responses. The widespread recombination observed between ompA alleles also explains why ompA-based strain typing in some cases correlates poorly with the clinical phenotypes and infection site tropisms of C. trachomatis serovars. Furthermore, typing of loci from highly variable regions of the genome, such as the plasticity zone and the polymorphic membrane protein (pmp) genes, as well as multilocus sequencing typing (MLST), further supports the notion that recombination extends beyond the ompA locus and is pervasive throughout the C. trachomatis genome (116) (117) (118) (119) (120) (121) .
Whole-genome sequencing provided the most compelling evidence for DNA interchange between C. trachomatis strains. This was first demonstrated by Jeffrey and colleagues, who determined that large regions of the genome of a cervical nonfusogenic isolate (C. trachomatis Ds/2923) were homologous to the genomes of serovar E and F isolates (urogenital isolates), whereas the ompA and flanking sequences were most closely related to serotype D (C. trachomatis D/UW3) (13) sequences. Further scrutiny of the ompA recombinant region uncovered a crossover event within the rs2 gene (CT680) and a site within ompA that generated an ompA allele encoding a chimeric MOMP with variable domains from different serovars. Interestingly, crossover events in the same genomic region (a 3.7-kb region encompassing the rs2, ompA, and pbpB genes) have been identified in 13 clinical isolates (C/CL-1, E/CL-3, G/CL-5, H/CL6, I/CL-8, Ja/CL-10, C/CL-1, Da/CL-2, E/CL-3, G/CL-4, G/CL-5, H/CL-6, and I/CL-8) (119), indicating that this region is under strong selective pressure to diversify. Finer-scale mapping revealed other regions with telltale signs of recombination, supporting the conclusion that multiple regions in the Ds/2923 genome are products of recombination events between the chromosomes of multiple serovars (13) . Somboonna and colleagues also identified intrabiovar lateral gene transfer events (122) based on the whole-genome sequencing of a hypervirulent clinical strain (L2C) isolated from a male patient diagnosed with hemorrhagic proctitis. In this strain, genetic exchange between an LGV L2 strain and a serotype D strain gave rise to a novel hybrid strain. The L2C genome inherited a serotype D region encoding a partial yet functional toxin that might contribute to the hypervirulent phenotype associated with this strain and that is notably absent from other sequenced LGV strains. An increasing number of LGV-causing serovars (L1, L2, L3, L2a, L2b, and L2C) have been identified (122) (123) (124) . These strains predominantly infect monocytes and macrophages and disseminate to inguinal lymph nodes, leading to their classification as a biovar (LGV) distinct from the noninvasive urogenital and ocular serovars (trachoma biovars) (125) . Importantly, the data provided by Somboonna et al. were the first evidence of the emergence of a hypervirulent C. trachomatis strain resulting from natural lateral DNA exchange between Chlamydia biovars.
Comparative genomic analyses of more than 65 clinical strains have provided evidence that LGT events within and between C. trachomatis biovars are natural and common occurrences (4, 13, (126) (127) (128) . Such analyses also indicated that genetic exchange is more likely between strains with tropism for the same site of infection (4, (126) (127) (128) . However, there are now multiple examples of interbiovar DNA exchange (4, 122, 127) in which strains with tropisms for different infection sites exchange DNA, suggesting that there are no absolute barriers to genetic exchange. The evidence for DNA exchange inferred from comparative genomic studies correlates well with reports of mixed chlamydial infections. For instance, in addition to ocular strains found in patients with trachoma, urogenital strains have also been observed in single or mixed infections of the conjunctiva (129) . Mixed infections are also prevalent in populations with a high propensity for acquiring STDs (108, 111, (130) (131) (132) (133) . Moreover, opportunities for intrabiovar recombination events are abundant in coinfections of the rectal mucosa with LGV and noninvasive urogenital strains, such as those from serotypes D, G, J, E, F, and K, that also infect the rectum (134) (135) (136) (137) (138) (139) . Alternatively, several reports suggest that chlamydial species might persist in humans as commensals of the lower gastrointestinal tract (reviewed in reference 140), which could provide fertile grounds for inter-and intrabiovar exchange of DNA.
Although it is clear that widespread exchange of DNA occurs between C. trachomatis biovars and serovars, the mechanism for this phenomenon remains unclear. Such events might occur within the confines of infected epithelial cells, and several studies have demonstrated that more than one C. trachomatis strain can simultaneously infect the same cell and form a single mixed intracellular inclusion (20, 141, 142) . Once inside the host cell, coinfecting strains may exchange DNA, presumably while coinhabiting the same inclusion, although inclusion fusion might not be an absolute requirement for DNA exchange, because C. trachomatis isolates with nonfusogenic inclusions can exchange DNA in vitro (143) . Moreover, many C. trachomatis strains (such as serotype G, D, K, F, and E strains) form fibers extending from their inclusion to neighboring infected cells (144) that could function as conduits for DNA trafficking. In this model, replicating RBs receive and incorporate linear fragments of DNA via homologous recombination. The transport of linear DNA could be mediated by the C. trachomatis CT339 ORF (CTL0593 [LGV L2 434/Bu]), which resembles the Bacillus subtilis porin ComEC (48% amino acid similarity), a multiple-spanning membrane protein required for linear DNA uptake through the inner and outer membranes (145, 146) . Interestingly, the C. trachomatis ComEC homolog appears to be transcribed predominantly in RBs (147) , suggesting that RBs might be naturally competent. Thus, DNA exchange between RBs may occur within the confines of an inclusion, thereby limiting exposure of their genomes to foreign DNA. This mode of exchange seems the most likely given the absence of any identifiable DNA conjugation machinery. It is also possible that during chemical transformation of EBs (see the sections below), extracellular DNA deposited on the surface of EBs is incorporated by Chlamydia after the EBs transition to the RB form.
Reproducing LGT Events in the Laboratory
Elegant studies undertaken by Robert Demars and colleagues demonstrated that the process of LGT can be replicated in the laboratory. These authors isolated doubly antibiotic-resistant recombinants from coinfections of HeLa cells with C. trachomatis (serovar LGV L1) strains resistant to ofloxacin (gyrA T249G/ A247C), lincomycin (23S rRNA gene A2039C mutant), rifampin (rpoB T1383G), or trimethoprim. Recombinant emergence was detected at a frequency of 10 Ϫ4 to 10 Ϫ3 (1 event in 10,000 to 1 event in 1,000), which is several orders of magnitude higher than spontaneous mutation rates, strongly suggesting that the emergence of these doubly resistant recombinants in a coinfection setting was the result of DNA transfer events (12) .
Subsequent studies in which an ofloxacin-resistant C. trachomatis serovar L1 strain was "crossed" with a rifampin-resistant C. trachomatis serovar D strain further confirmed that DNA exchange can occur between strains of distinct biovars (11), as has been observed among clinical isolates (122) . All the crossover events in 14 recombinant genomes resulting from this cross were mapped, and the lengths of the exchanged DNAs ranged from 336 to 790 kb (11) . Similar studies performed with 12 C. trachomatis recombinants generated in vitro revealed 190 homologous recombination events that occurred in these strains, without any evidence of crossover hot spots (143) . These results are consistent with comparative genomic analyses of clinical isolates in which crossover events were found to be unbiased, although the recombined regions spanned segments ranging from 3 to 50,141 bp (4). In addition, LGT events are not restricted to intraspecies exchange but also occur between Chlamydia species, since an acquired tetracycline-resistant marker from the C. suis R19 strain was transferred to several C. trachomatis and C. muridarum strains in vitro (50) . The transfer of tetracycline resistance involves the insertion of fragments of C. suis DNA ranging from 40 to 100 kb into recipient strains (50) , again highlighting the apparent absence of barriers to genetic exchange within and between Chlamydia species in both in vivo and in vitro settings.
MOLECULAR GENETIC MANIPULATION OF CHLAMYDIA
Transient Plasmid Transformation
The first successful transformation of Chlamydiae was reported in 1994 (18) . In that work, a chimeric shuttle plasmid (pPBW100) was constructed by ligating an E. coli plasmid (a version of pUC9 encoding kanamycin resistance) to the linearized C. trachomatis serotype E endogenous plasmid pCTE1. A promoterless cat gene, encoding chloramphenicol acetyltransferase, was placed under the control of the pCTE1-based promoter P 7248 (near DNA position 7248 in pCTE1). The resulting plasmid (pPBW100) was electroporated into EBs, which were then used to infect McCoy cells. Inclusions containing chloramphenicol-resistant Chlamydia were initially detected; however, these transformants were lost upon further passaging. The P7248::cat cassette was expressed transiently during the early stages of RB development (18) , likely explaining the inability to recover stable resistant bacteria. This study was the first to demonstrate that exogenous DNA could be delivered into Chlamydia EBs via electroporation and that transformants could be selected in cell culture, although alternative promoters for driving the expression of heterologous selectable markers were clearly needed.
Allelic Exchange
Surprisingly, 14 years passed from the initial report of the first transformation event in Chlamydiae (18) until the next successful transformation of a chlamydial species was reported (14) . Both circular and linearized plasmids containing an allele of the 16S rRNA gene from C. psittaci harboring two single-nucleotide substitutions conferring resistance to both kasugamycin and spectinomycin were electroporated into C. psittaci EBs. The use of the 16S rRNA gene variant (present as a single copy in the C. psittaci genome) ensured that any doubly drug-resistant recombinants resulted from an allelic exchange event that eliminated the wildtype copy, because both mutations in the 16S rRNA gene variant are recessive in a merodiploid strain and because spontaneous resistance to both antibiotics is exceptionally rare (14) .
This constraint also precluded the selection of plasmid integration through single-crossover homologous recombination events. Antibiotic-resistant strains were isolated with both linear and circular DNA substrates, and gene conversion events were rare. Maximum recombination frequencies were obtained with 10 or 20 g of circular plasmid DNA prepared from E. coli strains deficient in DNA methylation (HsdS-, Dcm-, and Dam-defective strains), and recombination frequencies decreased when the flanking homologous DNA sequence (less than 2 kb) and rRNA locus length (from 8.1 to 2.5 kb) were reduced. Although the use of kasugamycin and spectinomycin resistances as selectable markers limits their use as markers for allelic exchange at loci outside the rRNA gene locus, this elegant study provided the proof of principle that recombinant DNA can be stably introduced into the chromosome of a Chlamydia strain.
Stable Plasmid Transformation
Stable transformation of Chlamydia with recombinant DNA was a landmark event in Chlamydia biology (19) . By utilizing a chimeric plasmid (pBR325::L2) generated by ligating a C. trachomatis serovar LGV L2 (434/Bu) plasmid and an E. coli plasmid (pBR325) carrying ␤-lactamase (bla) and chloramphenicol acetyltransferase (cat) genes, Ian Clarke and colleagues successfully transformed C. trachomatis (LGV L2) by using chemical transformation rather than electroporation of EBs (19) . Transformants were generated by incubating a mixture of EBs and plasmid DNA in a buffer containing calcium chloride and were isolated by selecting for penicillin G-resistant bacteria in McCoy cells. Stable transformants lost their endogenous plasmid and expressed both the ␤-lactamase and chloramphenicol acetyltransferase genes, indicating that the standard E. coli promoters driving the expression of both drug resistance cassettes are functional in C. trachomatis. Subsequently, EBs were transformed with the hybrid shuttle plasmid pGFP::SW2, which consists of a variant L2 plasmid (pSW2) with a 377-bp deletion in CDS1, isolated from a Swedish LGV L2 clinical isolate (148) , and an E. coli plasmid expressing ␤-lactamase and GFP fused to chloramphenicol acetyltransferase under the control of a Neisseria promoter. GFP-expressing bacteria within inclusions were readily detectable (19) . Given that the use of molecular genetic tools and recombinant DNA has provided the basis for most bacterial pathogenesis studies, these results represent a major turning point that will expedite our understanding of the biology of these important pathogens.
Ectopic Gene Expression
Following the development of a transformation system for C. trachomatis, the repertoire of molecular genetic tools available for Chlamydia expanded rapidly as a series of shuttle vectors with versatile multiple-cloning sites (MCS), fluorescent protein reporters, inducible promoters, and new selectable markers were generated (Table 1 ; Fig. 1 and 2 ). For example, the plasmid p2TK2-SW2 (20) and the pBOMB4 series of plasmids (21) combined a ␤-lactamase-encoding gene (bla) and a multiple-cloning site into the L2 pSW2 and pL2 (L2/434/Bu) plasmids, respectively. The pBOMB4 series offers the additional benefit of utilizing an intact L2 plasmid (pL2) rather than the SW2 variant plasmid, which harbors a 377-bp deletion in CDS1 (148) . These vectors are well suited for expressing epitope-tagged or untagged gene products under the control of native promoters. pBOMB4 and its derivative pBOMB4-MCI also express GFP and mCherry, respectively, from the Neisseria promoter used in pSW2: GFP (19) , providing a convenient marker to confirm the presence and maintenance of recombinant plasmids in transformants (21) . Genes can also be expressed by using constitutive promoters, such as the rpoB promoter, located upstream of the MCS in pBOMB4R (GFP ϩ ) and pBOMB4R-MCI (mCherry ϩ ) (21) . If precise control of gene expression at different times in the Chlamydia developmental cycle is required, several vectors in which gene expression is controlled by anhydrotetracycline via the tetracycline repressor are available. These include pASK-GFP-L2/mKate 2 (GFP ϩ mCherry ϩ ), in which GFP expression is controlled by the tetA promoter (the gene of choice can be swapped with the gfp ORF), and pBOMB4-Tet-mCherry (mCherry ϩ ), which carries a multiple-cloning site under the control of a tetA promoter (21, 26) ( Table 1 ; Fig. 1 ). The use of a tetracycline-inducible system is advantageous with Chlamydia because tetracycline derivatives, such as anhydrotetracycline, can cross biological membranes and activate gene expression at concentrations that are not toxic to Chlamydia. The development of these plasmids has expanded the repertoire of genetic tools available for ectopic expression in Chlamydia. These plasmids are also well suited for use in mutant complementation, for gene overexpression or conditional expression, and for expressing secreted effectors. In the latter case, C-terminal tags, such as FLAG, CyaA (adenylate cyclase), GSK (glycogen syn- 
FIG 1 C. trachomatis
LGV L2 expression vectors encoding a ␤-lactamase resistance marker for use in LGV L2 strains. (A) The p2TK2-SW2 plasmids (20) are derivatives of the pGFP-SW2 plasmid (19) . pSW2 is a C. trachomatis LGV L2 plasmid isolated from the Swedish SW2 strain, which contains a 377-bp deletion in CDS1 (148) . The p2TK2-SW2 vector features a versatile multiple-cloning site for ectopic gene expression under the control of native promoters. p2TK2-SW2 plasmids expressing rsgfp, mCherry, and cfp fluorophores from the incD promoter are ideal for generating fluorescently labeled bacteria. Fluorophore-encoding genes can be substituted with a gene of interest for expression under the control of the incD promoter. (B) pBOMB4 vectors (21) are derived from an intact thase kinase), and TEM-1 ␤-lactamase, can be used to monitor effector secretion and translocation (20, 21, 29, (149) (150) (151) (152) .
The majority of ectopic expression plasmids use ␤-lactamase as a selectable marker. Because amoxicillin, a ␤-lactam, is used to treat pregnant women with cervicitis, the use of ␤-lactamases for the selection of transformants in non-C. trachomatis LGV strains (trachoma and urogenital serovars) is not permitted by the guidelines for research involving recombinant DNA established by the National Institutes of Health. Two plasmids have been generated with alternative antibiotic resistance markers. The plasmid pGFPBSD/Z::SW2 (27) is a derivative of pGFP:SW2 (19) in which the chloramphenicol acetyltransferase gene (cat) is replaced by a blasticidin S deaminase gene (bsd). This gene replacement results in a vector that encodes a GFP-BSD fusion protein, and transformants carrying this plasmid can be selected using blasticidin. In addition, the gene encoding ␤-lactamase (bla) has been replaced with the Shble gene to generate a ␤-lactamase-free plasmid (27) (Table 1; Fig. 2 ). In pGFP-CAT::SW2 (28), which is another derivative of pGFP:SW2, the bla cassette has been removed to generate a shuttle plasmid that can be selected using chloramphenicol because the parental pGFP::SW2 vector expresses a GFP-CAT (chloramphenicol acetyltransferase) fusion (Table 1 ; Fig. 2 ).
Gene Inactivation by Targeted Mutagenesis
The establishment of a plasmid transformation protocol enabled the development of a plasmid-based approach for targeted gene disruption in chlamydial chromosomal DNA. This approach is based on the TargeTron technology marketed by Sigma. The TargeTron system relies on mobile group II introns that target prokaryotic genomes. Type II introns are ribozymes that insert into target sites by using a retrotransposition mechanism called retrohoming (153) , which requires the activity of the intron-encoded protein LtrA, which has endogenous RNA maturase, endonuclease, and reverse transcriptase functions. After chromosomal integration, the type II intron is mobilized by a posttranscriptional RNA splicing mechanism also mediated by LtrA (154) . Chromosomal target recognition is mediated by base pairing between the intron target recognition domain and the target gene itself. Successful integration requires proper selection of potential target sites and intron retargeting by modification of the intron (155) . In the TargeTron system, the ltrA gene has been removed from the intron and replaced with a selectable marker; both the intron and ltrA are carried on a suicide plasmid. Expression of the intron and LtrA in transformed bacterial cells leads to insertion of the intron into the targeted gene. Because the TargeTron plasmid cannot replicate in Chlamydia, the intron cannot be spliced out, leading to stable and heritable insertional gene inactivation.
This system was used to engineer a modified TargeTron vector (pDFTT3-bla) (Fig. 3) for use in C. trachomatis by placing the group II intron under the control of a C. trachomatis LGV L2-specific promoter (CTL0655p) and inserting bla for selection in C. trachomatis LGV L2 biovars (33) . In proof-of-principle experiments, the resulting vector was retargeted for homing into the incA locus, which encodes an inclusion membrane protein that mediates homotypic inclusion fusion (156, 157) . The selection of stable penicillin-resistant transformants generated strains with inactivated incA and fragmented inclusions, as has been observed in C. trachomatis LGV L2 (434/Bu) plasmid. These vectors include a multiple-cloning site in addition to fluorescent markers to confirm the presence of recombinant plasmids in transformed bacteria. pBOMB4 (GenBank accession no. KF790906) and pBOMB4-MCI (GenBank accession no. KF790907) are ideal for expressing proteins from native promoters, and pBOMB4R (GenBank accession no. KF790908) and pBOMB4R-MCI (GenBank accession no. KF790909) promote constitutive protein expression from the rpoB promoter. (27) is a derivative of pGFP:SW2 (19) in which the chloramphenicol acetyltransferase gene (cat) has been replaced by a blasticidin S deaminase gene (bsd) and the ␤-lactamase-encoding gene (bla) has been replaced by the Shble (zeocin resistance cassette) gene. pGFP-CAT::SW2 (28) is another derivative of pGFP:SW2, in which the ␤-lactamase-encoding gene (bla) has been removed. pGFPBSD/Z::SW2-and pGFP-CAT::SW2-transformed cells can be selected by using blasticidin and chloramphenicol, respectively. (The pGFPBSD/Z:SW2 map is adapted from reference 27 with permission, and the pGFP-CAT::SW2 map is adapted from reference 28 with permission.) naturally occurring IncA-negative C. trachomatis strains (157) . That study was the first report of targeted gene inactivation in Chlamydiae. A second TargeTron vector (pDFTT3-aadA) (Fig. 3) , carrying a spectinomycin resistance cassette (aadA), was also generated (53) and successfully adapted to generate a C. trachomatis strain bearing an inactivated rsbV1 gene (rsbV1::GII[aadA]), encoding the anti-anti-sigma factor RsbV1 (52) . A similar approach also enabled the generation of a double mutant strain bearing loss-of-function alleles of incA and rsbV1 (incA::GII[aadA] and rsbV1::GII[bla]) (53) . The pDFTT3-aadA TargeTron vector provides an additional selectable marker for use in inactivation of multiple genes in Chlamydia strains, especially for non-LGV serovars, and allows for the use of the aadA cassette for complementation studies. Importantly, this technique now allows the use of this system for targeted gene inactivation, genome editing (via Cre-lox systems [158] ), delivery of genetic material, and mutant strain complementation with single-copy constructs that are chromosomally integrated.
Forward and Reverse Genetic Approaches
Although the TargeTron system permits site-specific gene disruption, it depends on the inefficient delivery of the TargeTron plasmid into chlamydial cells as well as the selection of an appropriate targeting sequence, and not all constructs are effective at driving GII intron insertion. An alternative approach for the generation of mutants relies on the use of chemical mutagens. Despite the random nature of these lesions, two approaches have been described that enable the identification of mutant strains with desired genetic lesions. In one approach (32) (Fig. 4A) , pools of mutagenized C. trachomatis strains were used to infect host cells and then screened for mutants bearing mutations in the trpBA operon by TILLING (targeted induced local lesions in genomes) (159) . In this approach, mutants of interest were identified by screening for mismatches between a wild-type gene and alleles generated by chemical mutagenesis. In brief, PCR products spanning the trpBA locus from pools of mutants were hybridized against wild-type trpBA and digested with the CEL1 endonuclease, which targets mismatches in heteroduplex DNA (32) . Using this approach, a strain bearing a nonsense mutation in trpB was identified.
In a similar approach (Fig. 4B) , chemical mutagenesis was employed to generate pools of mutants in a rifampin-resistant variant of a C. trachomatis LGV L2 strain, which were screened for mutants with aberrant plaque morphologies in a standard plaque assay (31) . From this screen, several mutant strains accumulating intrainclusion glycogen aggregates were isolated for further analysis. Whole-genome sequencing revealed that these strains harbored between 3 and 20 single-nucleotide variants (SNVs) in their genomes. Mutations linked to glycogen aggregates were then identified by coinfecting host cells with each rifampin-resistant mutant strain and a spectinomycin-resistant wild-type strain. Recombinant strains generated by LGT were genotyped, and mutations in glgB were found to exclusively segregate with strains containing glycogen deposits and to be absent in recombinant strains lacking glycogen aggregates. Thus, whole-genome sequencing combined with Chlamydia's propensity for exchanging DNA allows the genetic links between causal mutations and phenotypes to be established quickly for mutagenized strains.
Resources for Genome-Wide Genetic Analysis
Screening for strains carrying a mutant allele of interest by forward or reverse genetic approaches can be cumbersome and laborious. To streamline this process, a collection of 934 chemically mutagenized strains was generated in which all SNVs present in each strain were identified by whole-genome sequencing (30) . This collection offers over 5,000 nonsynonymous mutations dispersed across the entire C. trachomatis LGV L2 434-Bu genome for use in genome-wide genetic surveys (Fig. 4C ). Among these, 99 nonsense mutations in 84 open reading frames comprise a collection of putative loss-of-function mutations in a variety of alleles that function in central metabolism, amino acid metabolism, DNA processing, transcription, and membrane transport and stability (Fig. 5 ). This collection of mutants also serves as a platform for reverse genetics and has facilitated the identification of several strains carrying recently characterized mutations of interest (160) (161) (162) . Furthermore, the remaining point mutations offer a comprehensive source of point mutations that can be screened for suppressors, adaptive mutations, conditional alleles, and partial loss-and gain-of-function mutations. Additionally, point mutations can disrupt gene function in operons without incurring polar effects.
The mutant collection also functions as a platform for forward genetic screens, as exemplified by a recent report (30) in which a phenotypic screen using this collection identified a mutant strain that failed to polymerize actin filaments at the periphery of the To establish linkage between a gene lesion and a phenotype, recombinant strains are selected in the presence of rifampin and spectinomycin after coinfection of host cells with a wild-type strain (Spec r ) and a mutant (Rif r ) strain. TILLING can be utilized to follow the segregation of mutant alleles in recombinants displaying the phenotype. (C) A library of 934 plaque-purified C. trachomatis (LGV L2 434/Bu) mutants has been generated in which all single-nucleotide substitutions have been mapped by whole-genome sequencing. This collection can be utilized for phenotypic screens (forward genetic approach) or to isolate mutant strains harboring a mutant allele of interest (reverse genetic approach). Linkage between a mutant allele and a phenotype of interest can be determined as described for panel B.
ble, integrating chemical mutagenesis and mapping of mutations by whole-genome sequencing or TILLING currently remains the sole strategy for genome-wide analyses of Chlamydiae. In addition, because this approach is not limited by DNA transformation efficiencies and as the costs of wholegenome sequencing continue to plummet, this strategy is readily applicable to all Chlamydiae.
FUTURE DIRECTIONS
Stable transformation with recombinant DNA has been the most formidable barrier to molecular genetic manipulation of Chlamydiae, and the development of a transformation procedure for C. trachomatis was a major breakthrough (19) . Nevertheless, significant challenges remain. First and foremost, the process of DNA transformation remains highly inefficient and must be improved. Electroporation protocols should be revisited, as they are highly efficient in promoting the delivery of heterologous DNA into cells. Similarly, high transformation efficiencies might be achievable by targeting chlamydial RBs, which are likely to be naturally competent. However, delivering DNA into RBs remains technically challenging. Lipid-encapsulated nanoparticles (nanosomes/liposomes) might be effective as vehicles for DNA delivery, as has been reported for Plasmodium falciparum (163) . Dendrimers, which have been utilized to transform Chlamydia (15) (16) (17) , can also serve as vehicles for trafficking DNA to RBs. Second, a wider variety of selectable markers, particularly markers that are not used in clinical settings, is required.
The improvement of transformation efficiencies will also enable the application of other genetic tools, such as transposon mutagenesis and associated technology, for a genome-scale assessment of gene function, e.g., via transposon insertion sequencing (164) . Higher transformation efficiencies should also facilitate targeted gene disruption and complementation via allelic exchange. Because allelic exchange requires rare double-crossover events between donor and recipient DNAs, counterselectable markers will need to be developed to facilitate the isolation of gene knockout mutant strains. Counterselectable markers can also be used to recycle selectable markers and to generate strains with multiple gene knockouts, which is desirable due to the limited number of selectable markers available for use in Chlamydia. In addition, knockout strains might eventually be constructed by recombineering using bacteriophage Red recombinase (165) . With this system, targeted gene disruption can be achieved in vivo by cotransforming a linear donor sequence together with a suicide plasmid expressing the Red recombinase.
Although tools for targeted gene inactivation are clearly needed, the inactivation of many genes might be problematic because the small size of chlamydial genomes suggests that many genes are essential. In this scenario, inducible systems for gene ablation would be crucial. A system based on FRT/FLP recombination would permit in vivo gene ablation by introducing flanking FRT sites into a locus of interest and promoting gene excision by inducing trans-expression of the FLP recombinase. Plasmids in which expression is controlled by the Tet-inducible operon have already been developed and can easily be coopted for such approaches (21, 26 ). An inducible FRT/FLP system could also be harnessed for genome editing and selectable marker recycling during the engineering of strains with multiple gene knockouts. In addition, an inducible expression system would be beneficial for epigenetic gene silencing approaches, such as the CRISPR/Cas9 system (166) and TALENS (167, 168) , or for the expression of programmable repressors and dominant negative protein variants. These procedures involve the ectopic expression of specialized proteins (e.g., endonucleases and zinc finger DNA binding proteins), which might need to be optimized for expression in Chlamydia.
Despite the technical challenges of routine genetic manipulation in Chlamydia, several milestones have been achieved. Foremost among these was the development of a plasmid transformation system. This transformation system has enabled the use of mobile retrohoming introns (TargeTron technology) for gene inactivation by targeted gene knockouts. The low cost of wholesale genome sequencing now permits the use of chemical mutagenesis for genome-wide genetic analyses. Whole-genome sequencing of large collections of mutants coupled with the use of temperaturesensitive and conditional mutant alleles will also enable the identification of genes essential for intracellular growth and host colonization. As the chlamydial toolbox continues to expand, new considerations will also arise, such as selecting appropriate animal models for testing the virulence of genetically modified strains, the mode of inoculation, and the use of appropriate chlamydial strains.
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ADDENDUM IN PROOF
A recent study reported the development of a novel system that allows targeting of chlamydial genes for deletion or allelic ex- 
